Molecular and quantitative genetic differentiation in European populations of Silene latifolia (Caryophyllaceae) by Jolivet, C. & Bernasconi, G.
Molecular and Quantitative Genetic Differentiation in European Populations
of Silene latifolia (Caryophyllaceae)
CE´LINE JOLIVET1,2 and GIORGINA BERNASCONI1,2,*
1University of Lausanne, Department of Ecology and Evolution, CH-1015 Lausanne, Switzerland and 2University of
Zurich, Institute of Environmental Sciences, CH-8057 Zu¨rich, Switzerland
Received: 18 December 2006 Returned for revision: 12 February 2007 Accepted: 16 March 2007 Published electronically: 12 June 2007
†Background and Aims Among-population differentiation in phenotypic traits and allelic variation is expected as a
consequence of isolation, drift, founder effects and local selection. Therefore, investigating molecular and quanti-
tative genetic divergence is a pre-requisite for studies of local adaptation in response to selection under variable
environmental conditions.
†Methods Among- and within-population variation were investigated in six geographically separated European
populations of the white campion, Silene latifolia, both for molecular variation at six newly developed microsatellite
loci and for quantitative variation in morphological and life-history traits. To avoid confounding effects of the
maternal environment, phenotypic traits were measured on greenhouse-reared F1 offspring. Tests were made for
clinal variation, and the correlations among molecular, geographic and phenotypic distances were compared with
Mantel tests.
†Key Results The six populations of Silene latifolia investigated showed significant molecular and quantitative
genetic differentiation. Geographic and phenotypic distances were significantly associated. Age at first flowering
increased significantly with latitude and exhibited a Qst value of 0.17 in females and 0.10 in males, consistent
with adaptation to local environmental conditions. By contrast, no evidence of isolation-by-distance and no signifi-
cant association between molecular and phenotypic distances were found.
†Conclusions Significant molecular genetic divergence among populations of Silene latifolia, from the European
native range is consistent with known limited seed and pollen flow distances, while significant quantitative
genetic divergence among populations and clinal variation for age at first flowering suggest local adaptation.
Key words: Silene alba, white campion, microsatellite DNA, population differentiation, population structure, clinal
variation, life-history traits.
INTRODUCTION
Population differentiation results from interactions between
several mechanisms including colonization history, gene
flow, drift, mutation and selection under variable environ-
mental conditions that can lead to local adaptation
(Slatkin, 1985; Hagen and Hamrick, 1998; Richards
et al., 1999; Chan and Arcese, 2003; Kawecki and Ebert,
2004). Assessing the contribution of each of those mecha-
nisms can prove difficult; however, estimating variation
among extant populations at neutral markers and at pheno-
typic traits potentially under local selection is an important
step to understand micro-evolutionary processes and local
adaptation in particular (Kawecki and Ebert, 2004).
Importantly, phenotyping individuals reared for one or
more generations under homogenous laboratory conditions
allows direct comparisons of quantitative traits, because it
reduces the impact of maternal effects, and allows a
better estimate of heritable variation. It has been suggested
that differentiation can be explained by directional selec-
tion, if divergence at such quantitative traits is relatively
higher compared with divergence at neutral markers, as
evaluated by comparing Wright’s FST (Wright, 1931) to
QST (analogous to FST for quantitative traits; Spitze,
1993; Merila and Crnokrak, 2001).
Silene latifolia occurs throughout Europe and the
Mediterranean region (Baker, 1947), and nine European
races have been described previously based on morphologi-
cal and chemical traits (Mastenbroek and Vanbrederode,
1986). This also showed evidence that Silene latifolia
likely found refuge in Northern Africa during the last gla-
ciations from where it colonized its current range with the
spread of agriculture (Mastenbroek and Vanbrederode,
1986; Vellekoop et al., 1996). There is also strong structure
in the Y-chromosome sequence in the European range
(Ironside and Filatov, 2005). However, it is not known
whether populations are structured at neutral markers that
reflect more recent evolutionary history compared with
Y-chromosome variation. There is further evidence that
within the European range, S. latifolia populations are dif-
ferentiated for herbivore attack rates (Wolfe et al., 2004),
sexually dimorphic traits (Delph et al., 2002), and infection
success of the fungal pathogen Mycrobotrium violaceum
(Kaltz et al., 1999). However, as far as is known, no
study to date simultaneously has addressed phenotypic
and molecular divergence in natural populations.
The aims of the present study were (a) to characterize
among-population differentiation at molecular traits (asses-
sed using six newly developed, highly polymorphic micro-
satellite DNA markers; S. Teixeira and G. Bernasconi,
unpubl. res.) and at phenotypic traits (measured under stan-
dardized environmental conditions) in S. latifolia, (b) to* For correspondence. E-mail giorgina.bernasconi@unil.ch
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compare molecular and quantitative genetic differentiation
with geographical distance. Ultimately, this should help to
identify traits that potentially reveal local adaptation.
MATERIALS AND METHODS
Study species
White campion Silene latifolia (Poiret) [¼ S. alba
(Miller) Krause, ¼Melandrium album (Miller) Garcke,
Caryophyllaceae] is a dioecious short-lived perennial plant
native from Europe. Silene latifolia is patchily distributed
along disturbed roadside and agricultural habitats, on calcar-
eous and sandy soils (Baker, 1947). In Switzerland, the plant
emerges in early spring, flowers from May to October and
overwinters as a rosette. It builds up to a maximum of 40
fruits per season with 48–359 seeds/fruit (Baker, 1947).
Sex determination is chromosomal, males being the hetero-
gametic sex. The species is sexually dimorphic for numerous
floral and vegetative traits (Meagher, 1992, 1994; Delph and
Meagher, 1995; Delph et al., 2002, 2005). Silene latifolia is
animal-pollinated, mainly by nocturnal moths, including
Hadena bicruris, which also acts as seed predator (Shykoff
and Bucheli, 1995; Young, 2002; Wolfe et al., 2004;
Jolivet and Bernasconi, 2006). Silene latifolia was intro-
duced in North America in the mid-1800s where it has
become invasive and is now considered as a pest species
(McNeill, 1977; Wolfe, 2002).
Analysis of genetic structure
Seeds and leaves were sampled from 25–50 females
from six populations in central Europe (Fig. 1), one
population from Switzerland [Cottendart (CT)], three popu-
lations from France [Gagny (PA), Village-Neuf (VN) and
Saint-Martin d’Uriage (GR)], one population from
Northern Italy [Sesto-Calende (SC)] and one population
from the Netherlands [Millingerwaard (HO)]. Samples
were collected from plants at least 2 m apart from each
other, except in two small populations (GR and VN)
where all flowering females were sampled. The leaves
were dried and stored in silica gel.
To study molecular genetic differentiation among popu-
lations, six newly developed microsatellite DNA primers
from European S. latifolia plants were used (S. Teixeira
and G. Bernasconi, unpubl. res.). DNA was extracted
from dried leaves using the cetyltrimethyl ammonium
bromide (CTAB) DNA extraction protocol (Doyle and
Doyle, 1987). The DNA was quantified using l\HindIII
marker and diluted to standardize DNA concentration to
2 ng mL21. For the duplex SL6 (FAM) and SL8 (HEX)
and the duplex SL14 (FAM) and SL15 (HEX), polymerase
chain reaction (PCR) was performed using 1 Qiagen
Multiplex PCR master Mix, 2 mM of each primer and
10 ng of genomic DNA. For the primers SL1 (FAM) and
SL4 (HEX), the Qiagen HotStartTaq Mix was used. The
PCR amplification was conducted in a Biometra thermo-
cycler with the following programme: 15 min at 95 8C; 30
cycles composed of 30 s denaturation at 94 8C, 90 s at
Tm ¼ 60 8C (SL6, SL8, SL14, SL15 and SL1) Tm ¼ 50 8C
(SL4) and 60 s elongation at 72 8C, followed by a final
elongation step of 30 min at 60 8C. Fragments were ana-
lysed on an ABI 3100 genetic analyser (Applied
Biosystems) with the internal size standard Genescan 350
and scored with the software GeneMapper v3.7 (Applied
Biosystems). Two loci (SL14 and SL15) are X-linked
(S. Teixeira and G. Bernasconi, unpubl. res.). However,
this does not affect the present analysis because only
females, which have two alleles at all loci, were genotyped.
Individuals were scored according to the size and pattern
observed for each allele.
Genetic data were analysed using Fstat 2.9.3.2 (Goudet,
1995). Hardy–Weinberg equilibrium (null hypothesis: FIS
and FIT equal to zero) was tested for within populations
and over the entire sample with 2000 randomizations.
Because FIS is the inbreeding coefficient of an individual
relative to its population, a significant deviation from zero
would indicate homozygote excess within populations.
FIT is the overall inbreeding coefficient of an individual
relative to the total sample, and a significant deviation
from zero would indicate homozygote excess over the
total dataset.
Based on genetic data for a large number of controlled
crosses (S. Teixeira et al, University of Lausanne,
Switzerland, unpub. res.) suggesting that null alleles may
occur, the present data set for presence of null alleles was
examined. Null allele frequencies, adjusted allele frequen-
cies and adjusted genotypes were estimated using the
Brookfield1 algorithm in Micro-checker 2.2.3 (Brookfield,
1996; Van Oosterhout et al., 2004). The Brookfield estima-
tor calculates null allele frequency by comparing expected
and observed heterozygosity and taking into account that
there is no missing value in the sample. All the following
FI G. 1. Geographic location of Silene latifolia populations studied for
molecular and phenotypic differentiation. GPS co-ordinates and estimated
number of individuals (n) were: VN, 47836025
0 0
N/7833031
0 0
E (80); CT,
46858030
0 0
N/6850050
0 0
E (1000); HO, 51852045
0 0
N/6800055
0 0
E (2000); GR,
45809051
0 0
N/5851034
0 0
E (60); PA, 48853011
0 0
N/2832036
0 0
E (400); SC,
45844008
0 0
N/8837000
0 0
E (.100).
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analysis is reported for both the sample without (N1) and
after (N2) null allele correction.
Expected total heterozygosity (HT) and average hetero-
zygosity within populations (HS) were estimated. For
highly polymorphic loci, values of HS and HT can approach
unity. For this case, Hedrick (2005) suggested that among-
population differentiation should be assessed by comparing
GST values [GST ¼ (HT 2 HS)/HT] to the maximum poss-
ible GST [GSTmax ¼ (1 2 HS)/(1 þ HS); Nei, 1987], and
defined a standardized measure of differentiation (G0ST ¼
GST/GSTmax). This standardized measure accounts for
differences in mutation rate when several molecular
markers are compared. On the other hand, FST measures
the relative difference of heterozygosity of within popu-
lation compared with the total sample of populations, thus
addressing the extent of population differentiation [FST ¼
A/(A þ B þ C), whereby A ¼ variance of allelic frequen-
cies between populations, B ¼ variance of allelic frequen-
cies between individuals within population, C ¼ variance
of allelic frequencies between gametes within individual;
Weir and Cockerham 1984]. A 95 % confidence interval
of the FST value obtained was calculated with a bootstrap
procedure. Population differentiation (null hypothesis: FST
equal to zero) was tested for in the N1 dataset using
log-likelihood G statistics, which does not require that
data fulfil Hardy–Weinberg equilibrium (Goudet et al.,
1996), and pairwise tests of differentiation for each pair
of populations were conducted, calculating confidence
levels at 5% after Bonferroni corrections.
Plant rearing and phenotyping
To assess morphological and life-history traits differen-
tiation, plants from field-collected seeds (parental gener-
ation, P) were reared under homogeneous conditions in
the greenhouse and were crossed to obtain an F1 generation.
This was done to minimize maternal environmental effects
on phenotypic measures, which were taken on F1 individ-
uals. To obtain the F1, 20 seeds/fruit from 15 fruits/
population (each fruit from a different plant) from six popu-
lations (SC, GR, VN, CT, PA and HO; Fig. 1) were germi-
nated. Seeds from the same fruit were germinated together
in Petri dishes on cotton wool and filter paper and watered
with 1023 mol L21 gibberellic acid (GR, VN, SC) in a
germination cabinet [temperature (T ) ¼ 21 8C, relative
humidity (RH) ¼ 80 %, day/night length (D/N) ¼ 16/8 h].
For the CT, PA and HO populations, the seeds were germi-
nated in Jiffy peat pellets (Jiffy7, 703) in the greenhouse
(see below). After 15 d the seedlings were placed in
10-cm pots containing a 3 : 1 mixture of soil:sand (Tref
BF4 from GVZ-Bolltec, Zurich, Switzerland; sand particles
0.5–3 mm). Due to greenhouse space limitations and the
necessity to have a large enough sample to conduct
crosses, two different greenhouses were used to rear the P
generation. The populations were reared in two distinct
greenhouses (blocks) as follows: GR, VN, SC [23/19 8C
D/N, RH ¼ 30 %, D/N ¼ 16/8 h, artificial light only
(lamps EYE Clean-Ace, 6500 K, 400 W, Iwasaki
Electronics Co., Japan)] at the University of Zurich and
CT, PA, HO (23/18 8C D/N, RH ¼ 55 %, D/N ¼ 16/8 h;
artificial light as in the other greenhouse and natural
light) at the University of Lausanne. Plants were placed at
randomized positions in the greenhouse. Potential differ-
ences between blocks were accounted for in the analysis
and in crossings by using each block separately or by
using residuals of a model with block as an explanatory
variable. F1 individuals were obtained by crossing one
female from each field-collected seed family with a male
from the same population but a different family. For the
F1, the same rearing conditions were used as those
described above for the block CT, PA, HO.
Recorded were the proportion of seeds that germinated,
germination time (number of days between sowing and ger-
mination), the proportion of individuals flowering (within
115 d from sowing), age at first flowering (number of
days between germination and flowering) and offspring
gender. In populations CT, HO and PA, additionally size
at first flowering (number of leaves, length of the longest
leaf, height of the stem and number of stems) was
measured. The coefficient of variation [CV ¼ (s.d  100/
mean)  (1 þ 1/4n] was calculated following Sokal and
Rohlf (1981) for each trait to address the amount of
variation within population.
For time to germination and age and size at first flower-
ing, QST[QST ¼ Vb/(Vb þ 4  Vw] and broad-sense
heritabilities H2[H2 ¼ 2Vw/(Vw þ Vi)], whereby Vb is the
variance component between populations, Vw is the var-
iance component between families within population, and
Vi is the variance component between individuals, were
estimated by the moments method for a full-sib design as
described by Evanno et al. (2006) (see also Spitze, 1993).
For the traits measured in only one block, variance com-
ponents were calculated directly. For traits measured in
both blocks, variance components were calculated using
the residuals of the trait studied (where applicable, with
adequate transformation as determined with a box–cox
procedure) after accounting in ANOVA for block effect.
This was calculated separately for each sex. Then variance
components between populations and between families
within populations were estimated (Evanno et al., 2006).
As discussed by O’Hara and Merila¨ (2005), a sample
of six populations may not grant sufficient precision for
estimating QST. With this sample size, variance of QST
estimates may be very large (Goudet and Bu¨chi, 2006).
However, a jackknife method was used to estimate 95 %
confidence intervals for QST values to quantify this vari-
ation although, because of the above caveats, a formal
comparison of QST and FST was not done.
Comparison of molecular, geographic
and phenotypic distance matrices
To compare the extent of differentiation at molecular
markers and quantitative traits molecular, phenotypic and
geographical distance matrices were calculated. For the
phenotypic distance matrix, the proportion of seeds that ger-
minated, the proportion of seedlings which flowered, time
to germination and age at first flowering were included.
From this analysis measures of size at first flowering were
excluded because they were recorded in only one block;
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also excluded was the sex ratio because it had low inter-
population variation (see Results and Table 2A). A
Euclidian distance matrix was calculated from centred and
scaled phenotypic data. For the molecular distance matrix,
the pairwise FST matrix was used on the N1 data set calcu-
lated with Fstat. The geographical distance matrix was
determined using aerial pairwise distances between popu-
lations (kilometres). Mantel tests between each pair of
distance matrices were performed using the R package
ade4 for Mantel tests and 2000 permutations (Chessel
et al., 2004). For all other statistical analyses, the R soft-
ware v. 2.0.0 (Ihaka and Gentleman, 1996; R
Development Core Team, 2004) was used.
RESULTS
Molecular genetic differentiation
Between 34 and 61 alleles per locus were found over all six
populations (Table 1A). Several alleles were separated by
only two base pairs. Controlled crosses and paternity analy-
sis (with 20 offspring/cross, and a total of over 1000 off-
spring scored) using plants from these populations
revealed that offspring display allele sizes consistent with
the genotype of their parents, i.e. scored allele sizes are
stable (Jolivet and Bernasconi, 2007). Total expected het-
erozygosity (HT) and average expected heterozygosity
within populations (HS) were, respectively, 0.962 and
0.927 in the N1 data set (0.964 and 0.934 in the N2 data
set; Table 1B). This indicates that the loci are highly poly-
morphic and that homozygotes were extremely rare.
Observed heterozygosity (Ho) was 0.686, indicating hetero-
zygote deficit. Overall, FIS (0.26) and FIT (0.29) estimates
were significantly different from zero (P, 0.0005), indicat-
ing deviation from Hardy–Weinberg equilibrium both
within populations and in the total dataset. This was
accounted for in the test for population differentiation.
The standardized measure of population differentiation
(G0ST) over all loci was 0.94 (Table 1B). Overall FST was
0.041 (95 % confidence interval 0.031–0.050) in N1 (0.04
in N2), and significantly greater than zero (P, 0.0005).
Pairwise tests of differentiation were all significant
(P-values all significant at the 5 % confidence level after
Bonferroni corrections). Altogether these results indicate
significant molecular genetic differentiation among the
present study populations.
Quantitative genetic differentiation
The coefficients of variation for phenotypic traits (calcu-
lated using means of F1 seed families as observations)
ranged from 2 % to 44 % (Table 2), indicating high vari-
ation for many traits. Test were carried out to find out if
there was significant quantitative genetic differentiation
on the traits measured and if there was variation at the
level of population, and of family within population.
Stem height and length of the longest leaf were not signifi-
cantly different between genders, but differed significantly
among populations and families (Table 3). Number of
leaves and number of stems were, respectively, significantly
and marginally significantly sexually dimorphic, and dif-
fered significantly among families, but not between popu-
lations (Table 3). Sexual dimorphism in the number of
stems was also marginally significantly different among
families within populations. Males had a marginally signifi-
cant larger number of stems (Table 2C), but this probably
depended on one relatively extreme population (PA).
Time to germination and age at first flowering (residuals
accounting for block) were significantly sexually
dimorphic. Moreover, they varied significantly between
families within populations and between populations.
Females germinated later, but flowered earlier than males
(Table 2B, C). Since these traits were measured on F1
plants, it can be assumed that significant between-family
and within-population variation in all the traits tested
above indicates heritable variation.
Latitude was significantly, positively correlated with the
age at first flowering (family means) and marginally signifi-
cantly affected by gender. Block had no significant effect
and therefore analysis was conducted on raw data rather
than residuals (ANCOVA: latitude, 1.71+ 0.25, t9 ¼ 6.7,
P, 0.0001; gender, t9 ¼ 2.2, P ¼ 0.053; Fig. 2). Plants
from more southern latitudes flowered earlier than plants
originating from populations further north.
QST values for time to germination, age at first flowering
(both blocks) and size at first flowering (block HO, CT, PA
only) varied between 0 and 0.17 and broad-sense heritabil-
ities varied between 0.28 and 0.73 (Table 4). Interestingly,
females exhibited higher QST and broad-sense heritability
values than males, and confidence intervals of QST values
of age at flowering and time at germination were not over-
lapping with the confidence interval of FST (0.031–0.050).
Comparison of molecular, geographic and
phenotypic distance matrices
The phenotypic and geographical distances matrices
were significantly correlated (Mantel test, r ¼ 0.62, P ¼
0.03). By contrast, there was no significant association
either between geographic and molecular distance matrices
(Mantel test, r ¼ 0.08, P ¼ 0.4) nor between phenotypic
and molecular distance matrices (Mantel test, r ¼ –0.06,
P ¼ 0.6). Thus, the differentiation shown by variation at
microsatellite DNA loci was not directly associated with
the variation observed in phenotypic traits, and did not
show isolation-by-distance at this scale. By contrast, the
significant correlation between quantitative trait variation
and geography confirms the above-reported clinal variation
in the onset of flowering.
DISCUSSION
Significant population differentiation and very high poly-
morphism were observed at six microsatellite DNA loci,
as was also observed within the same genus in Silene
vulgaris (9–40 alleles per loci in one population; Juillet
et al., 2003). High molecular genetic variation within popu-
lations might reflect the obligate ‘outcrossing’ mode of
reproduction of the dioecious Silene latifolia (Hagen and
Hamrick, 1998), although S. vulgaris, which harbours
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similar variability at microsatellite loci, is gynodioecious
(Glaettli et al., 2006). Significant departures from Hardy–
Weinberg equilibrium were observed. However, as is
often the case, it is not possible to infer which mechanism
(selection, non-random mating, Wahlund effect, null
alleles) may have caused this departure. Null alleles were
observed at all loci considered. Null alleles result in
false homozygotes, thus inflating FIS and deflating Ho.
Another probable explanation for this deviation from
Hardy–Weinberg equilibrium is subpopulation structure
(Wahlund effect). Such a substructuring is possible in
S. latifolia, which has a metapopulation dynamics and
patchy distribution of individuals within demes (Richards
et al., 2003). Consistent with the idea of population sub-
structuring, in experimental arrays, pollen flow was low
between individuals separated by .100 m (Richards
et al., 1999) and in invasive populations both allozymes
and cpDNA revealed high molecular genetic structure at
fine scale (McCauley, 1994, 1997). Therefore, the present
study populations might show subpopulation structure,
and only studies of fine-scale genetic structure (e.g.
Hardy et al., 2004) may resolve whether samples such
as those collected for the present study in fact represent
different subpopulations. Furthermore, the occurrence
of null alleles and inbreeding within populations
may provide additional explanations for this deviation
from Hardy–Weinberg equilibrium. It must be noted that
two of the investigated loci are X-linked (S. Teixeira
and G. Bernasconi, unpubl. res.), and should thus be
expected to have a different effective population size than
autosomal loci.
No evidence for isolation-by-distance was found, and in
fact the genetically most similar populations were geo-
graphically distant (PA, central France, and SC, northern
Italy). This result differs from other studies, where allo-
zyme variation indicated isolation-by-distance in Silene
latifolia populations along the Rhine Valley (Delmotte
et al., 1999). Vellekoop et al. (1996) also found an east–
west pattern with RAPD markers, but on a much broader
scale. The present populations are mostly distributed in
the transition zone between the east and west races
(Mastenbroek et al., 1984; Prentice et al., 1984), and this
may explain the lack of association between molecular
and geographic distance matrices. The present micro-
satellite DNA loci may also be so polymorphic that detec-
ting geographical patterns becomes difficult. Because
distinct alleles sometimes had very similar sizes, backward
mutations may have occurred and some alleles of the same
size in different populations might thus have different his-
tories (homoplasy). Future studies investigating variation
at additional molecular markers could increase resolution
and help to clarify geographical patterns in this intermedi-
ate zone.
There was significant among-population differentiation
in phenotypic traits, including components of size at first
flowering (height of the stem, length of the longest leaf)
TABLE 1. (A) Number of alleles observed in six European Silene latifolia populations at six microsatellite loci; (B) observed
heterozygosity (Ho), Nei’s estimation of heterozygosity (HS, HT), GST and maximum possible GST (see Hedrick, 2005)
(A) Number of alleles
Locus Population
VN CT HO GR PA SC All populations
Sample size
27/22 35/27 30/23 25/22 30/23 30/26 177/143
SL1 23/22 30/29 16/16 24/23 22/17 22/21 54/55
SL4 14/15 24/23 17/15 10/11 20/21 16/15 34/34
SL6 23/22 35/29 28/25 15/16 26/25 29/28 61/61
SL8 13/14 19/19 13/13 12/12 21/20 21/19 48/46
SL14 22/22 28/25 16/16 14/14 23/18 20/20 47/46
SL15 16/15 24/22 16/12 11/11 17/14 17/16 34/30
(B) Observed heterozygosity
Locus Ho HS HT GST GST (max) G
0
ST
SL1 0.679/0.704 0.952/0.953 0.973/0.974 0.022/0.021 0.025/0.024 0.89/0.87
SL4 0.518/0.665 0.913/0.931 0.955/0.959 0.044/0.030 0.045/0.036 0.98/0.83
SL6 0.828/0.826 0.958/0.962 0.978/0.980 0.021/0.018 0.021/0.019 0.98/0.95
SL8 0.526/0.686 0.893/0.918 0.938/0.949 0.048/0.033 0.056/0.043 0.85/0.77
SL14 0.774/0.791 0.936/0.939 0.971/0.971 0.035/0.032 0.033/0.031 1.00/1.00
SL15 0.789/0.796 0.911/0.903 0.954/0.952 0.045/0.051 0.047/0.051 0.97/1.00
All loci 0.686/0.745 0.927/0.934 0.962/0.964 0.036/0.031 0.0.38/0.034 0.94/0.90
The ratio of observed to maximum possible GST indicates the extent of population differentiation (G
0
ST).
For each locus, the values (x/y) for two data sets are given: the one including all N1 females genotyped, and the subset of N2 females after null allele
correction.
Sample sizes are given as N1/N2.
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TABLE 2. Phenotypic traits measured on greenhouse-reared, F1 offspring obtained from within-population crosses among field-collected Silene latifolia seed families
(n ¼ 8 seed families/population; n ¼ 8 offspring/family, i.e. a total of 384 offspring measured)
(A)
Population HO CT PA SC VN GR
Proportion germinated 0.93+0.06/6.7 0.96+0.05/5.4 0.81+0.23/29.3 0.99+0.02/2.1 0.93+0.08/8.9 0.96+0.06/6.4
Proportion flowering 0.90+0.14/16 0.98+0.04/4.2 0.86+0.15/18.0 0.99+0.02/2.1 0.97+0.04/4.3 0.98+0.04/4.2
Sex ratio (F/F þ M) 0.51+0.14/28.3 0.53+0.14/27.2 0.62+0.19/31.6 0.55+0.10/18.8 0.58+0.14/24.9 0.57+0.13/23.5
(B)
Population
SC VN GR
Females Males Females Males Females Males
Germination time (d) 4.9+0.7/14.7 4.5+0.6/13.8 6.8+2.2/33.4 5.9+1.8/31.5 7.0+1.7/25.0 6.5+2.3/36.5
Age at first flowering (d) 29.4+2.0/7.0 32.7+4.1/12.9 36.4+2.9/8.2 38.8+2.8/7.4 33.7+4.1/12.5 34.5+5.6/16.7
(C)
Population
HO CT PA
Females Males Females Males Females Males
Germination time (days) 8.4+3.2/9.3 7.3+3.6/44.2 8.1+2.8/35.6 8.4+3.6/44.2 12.6+3.4/27.8 12.4+3.8/31.6
Age at first flowering (d) 41.1+4.3/10.8 45.4+11.4/25.9 33.8+4.5/13.7 37.6+3.9/10.7 40.8+7.2/18.2 41.3+4.5/11.2
Stem height (cm) 53.2+7.6/14.7 55.3+7.0/13.1 44.4+3.9/9.1 44.5+3.9/9.0 50.1+4.2/8.6 49.5+5.1/10.6
Longest leaf (cm) 15.4+1.7/11.4 15.5+2.8/18.6 11.4+2.7/24.4 12.0+2.8/24.1 14.2+3.3/24.0 14.3+2.7/19.5
No. of leaves 73.0+10.7/15.1 104.4+12.3/12.1 74.2+14.5/20.2 99.8+22.6/23.4 87.8+22.8/26.8 119.6+21.3/18.4
No. of stems 2.6+0.7/27.8 2.9+0.9/32.0 2.4+1.0/43.0 2.8+1.1/40.5 2.9+1.1/ 39.1 3.7+1.6/44.6
Data are given as mean+ s.d./coefficient of variation (CV), and were calculated as family means and, where applicable, separately by gender. (A) Proportion of the offspring which germinated,
proportion flowering and offspring sex ratio. (B) Phenological traits for populations SC, VN and GR. (C) Phenological traits and size at first flowering for populations HO, CT and PA.
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and phenological traits (time to germination, age at first
flowering). Because F1 individuals were phenotyped, this
is not (or at least not strongly) affected by maternal environ-
mental variation and thus probably reflects genetic diver-
gence among populations. Variation within populations
for these traits was also significant and substantial, and
these traits exhibited high broad-sense heritabilities.
However, these results are only indicative because a
full-sib design was used and thus non-additive genetic
effects (dominance and epistatic genetic variances) could
affect the estimation. These results are concordant with
other studies that have found significant among-population
divergence for traits including the morphology of pollen,
flowers, fruits and leaves (Mastenbroek et al., 1984;
Prentice et al., 1984; Mastenbroek and Vanbrederode,
1986; Delph et al., 2002).
The estimated QST was relatively high for age at first
flowering, germination time and length of stems. In
females, quantitative differentiation was higher than
neutral differentiation (FST) for two traits (age at first flow-
ering and time to germination), as indicated by the confi-
dence intervals. This difference could suggest that
phenotypic traits might be under divergent selection in
the present populations (Merila and Crnokrak, 2001).
However, there are two reasons why formal testing was
not done to find out if QST ¼ FST: (1) variance in QST esti-
mates is high when, as in the present study, relatively few
(,20) populations are studied and when differentiation
is high (O’Hara and Merila¨, 2005; Goudet and Bu¨chi,
2006); (2) due to the high number of alleles at each of
the investigated loci, FST values were low, while the
observed GST was 94 % of the theoretically possible
maximum. This may bias the estimate of the QST:FST
ratio. It is of note that, unlike QST, G
0
ST accounts for
maximum divergence, thus comparison between these two
estimates would also not be appropriate. Thus, future
studies with a larger sample of populations would be
useful to further explore differentiation in this species; for
instance, defence traits against natural enemies present in
native but absent in invasive populations are particularly
interesting candidate traits for local adaptation (Wolfe,
2002; Wolfe et al., 2004). An important pre-requisite is to
have functional studies to identify such putative defence
traits (Jolivet and Bernasconi, 2006).
Quantitative genetic differentiation was significantly
associated with geographic distance. Importantly, clinal
TABLE 3. ANOVA for components of size at first flowering
(stem height, length of the longest leaf, number of leaves,
number of stems) in populations HO, CT and PA, and for
time to germination and age at first flowering in populations
HO, CT, PA, SC, VN and GR
Source of variation d.f. MS F P
Stem height
Gender 1 3.1 0.13 0.75
Population 2 2823.1 6.81 0.005
Family (population) 21 414.6 4.44 ,0.0001
Gender  population 2 24.2 0.19 0.83
Gender  family
(population)
20 127.9 1.37 0.13
Error 335 93.4
Length of the longest leaf
Gender 1 2.4 0.14 0.74
Population 2 422.5 3.97 0.03
Family (population) 21 106.4 7.74 ,0.0001
Gender  population 2 16.5 0.86 0.3
Gender  family
(population)
20 19.1 1.39 0.44
Error 335 13.8
Number of leaves
Gender 1 58456 1885.7 0.0005
Population 2 5591 1.55 0.23
Family (population) 21 3616 5.45 ,0.0001
Gender  population 2 31 0.06 0.95
Gender  family
(population)
20 503 0.76 0.44
Error 335 664
Number of stems
Gender 1 5.3 11.18 0.08
Population 2 3.67 0.35 0.71
Family (population) 21 10.45 5 ,0.0001
Gender  population 2 0.45 0.14 0.87
Gender  family
(population)
20 3.18 1.52 0.07
Error 335 2.09
Time to germination
Gender 1 0.047 23.87 0.005
Population 5 0.093 5.86 0.0003
Family (population) 42 0.016 7.57 ,0.0001
Gender  population 5 0.002 0.64 0.67
Gender  family
(population)
41 0.003 1.46 0.03
Error 757 0.002
Age at first flowering
Gender 1 0.00058 24.38 0.004
Population 5 0.00094 5.9 0.0003
Family (population) 42 0.00016 7.13 ,0.0001
Gender  population 5 0.00002 0.75 0.59
Gender  family
(population)
41 0.00003 1.42 0.045
Error 757 0.00002
FI G. 2. Clinal variation in age at first flowering in Silene latifolia originat-
ing from six geographically separated populations. Age at first flowering is
defined as the number of days from germination to opening of the first
flower; the graph shows observed family means (+s.d.) for male and
female F1 plants (n ¼ 8 families/population).
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variation for age at first flowering was observed. Natural
variation for flowering time is reported for many other
species, including Arabidopsis thaliana (e.g. Shindo
et al., 2005, 2007), indicating that this is a critical trait
both in annual but also short-lived perennials like
S. latifolia. These results strongly suggest that S. latifolia
adapted to local environments by its phenology and mor-
phology. It would be interesting to know to what extent
climate, light regimes and biotic interactions influence
among-population variation in life-history traits. A particu-
larly interesting biotic interaction occurs between
S. latifolia and the specialist seed predator Hadena bicruris
(Wolfe et al., 2004; Jolivet and Bernasconi, 2006). Indeed,
flowering phenology may relate to strategies for escaping
from seed predators (Biere and Honders, 1996;
J. A. Elzinga and G. Bernasconi, unpubl. res.).
Other studies found evidence suggesting local adaptation
in this species. European and North American S. latifolia
populations differ in life-history traits and size and fruit
morphology, with North American plants being larger,
faster developing, and less well defended against seed pre-
dation (Blair and Wolfe, 2004). Kaltz et al. (1999) observed
local maladaptation of the pathogen Microbotryum
violaceum on its host S. latifolia, suggesting that the plant
quickly evolved resistance to the local pathogen strains.
Moreover, clinal variation in seed morphology related
to winter temperatures has been reported previously
(Prentice, 1986). Altogether, this suggests strong adaptive
potential and indicates a potential local adaptation in
response to local environmental conditions. However,
only future studies with an experimental approach like reci-
procal transplants (Kawecki and Ebert, 2004) could demon-
strate local adaptation. In particular, it would be interesting
to address the question of the adaptive value of clinal
variation in age at first flowering.
Significant sexual dimorphism was found for com-
ponents of size at first flowering (number of leaves and
stems), and for time to germination and age at first flower-
ing. Sexual dimorphism has been studied extensively in
Silene latifolia, with numerous traits, especially reproduc-
tive traits being sexually dimorphic (number and size of
flowers; Meagher, 1992, 1994; Delph et al., 2005). In the
present study, focus was on life-history traits and
the results differ slightly from other studies. Within two
North American populations, there was no evidence of
sexual dimorphism for the number of leaves and number
of stems measured at first flowering, time to germination
and age at first flowering (Meagher, 1992). In another
study (Delph and Meagher, 1995), males started flowering
earlier than females, while in the present study the
reverse was found. These differences illustrate how the
degree and even direction of sexual dimorphism might
differ among populations (Delph et al., 2002), and it
would be highly interesting to resolve which selective
pressures create this variation.
In conclusion, central European populations of Silene
latifolia show significant differentiation at neutral molecu-
lar markers and at phenotypic traits. High within-population
heritable variation for several traits and clinal variation for
age at first flowering suggest that S. latifolia has a strong
adaptive potential.
ACKNOWLEDGEMENTS
We thank Guillaume Evanno, Jeroˆme Goudet, Nicolas
Juillet and the reviewers for useful comments on the manu-
script. Rui Candeias, Barbara Gautschi (EcoGenics GmbH)
and Sara Teixeira helped with microsatellite DNA analysis,
Samuel Neuenschwander with QST estimates, Paolo Galli,
Caterina Matasci and Bruce McDonald with automated
DNA extraction, Ute Becker, Arjen Biere, Jean-Hugues
Blanc, Jelmer Elzinga, Michael Kleih, Daniela Lang and
Ire`ne Till-Bottraud with field collection, Philippe Busso,
Boris Ku¨nstner and Theres Zwimpfer with greenhouse
maintenance. We acknowledge financial support from
Swiss NSF (3100A0-10331/1; PPOOA-102944/1) and
Bureau Egalite´ Hommes/Femmes of Lausanne University.
LITERATURE CITED
Baker HG. 1947. Melandrium album (Mill.) Garcke. Journal of Ecology
35: 274–282.
Biere A, Honders SJ. 1996. Impact of flowering phenology of Silene alba
and S. dioica on susceptibility to fungal infection and seed predation.
Oikos 77: 467–480.
TABLE 4. Quantitative trait divergence (QST) and broad-sense heritabilities (H
2) for life-history traits and size in Silene
latifolia, calculated separately for each gender using variance component estimates
Trait Females Males
QST Lower CI Upper CI H
2 QST Lower CI Upper CI H
2
Age at first flowering 0.17 0.060 0.280 0.55 0.10 20.004 0.190 0.28
Time to germination 0.17 0.070 0.270 0.44 0.10 0.030 0.180 0.73
Length of the stem 0.17 20.070 0.410 0.41 0.16 21.200 1.550 0.37
Length of longest leaf 0.12 20.220 0.460 0.67 0.04 20.090 0.180 0.56
Number of leaves 0.05 20.110 0.210 0.52 20.02 20.150 0.110 0.36
Variance components for between-population and between-family within-population variation were calculated with residuals of one-way ANOVA
accounting for variation among blocks (see Materials and methods).
Time to germination (number of days from sowing to radicle emergence) and age at first flowering (number of days between germination and
flowering) were inverse-transformed prior to analysis.
Lower/upper CI ¼ upper and lower bounds of 95 % confidence intervals (calculated with the jackknife method).
Jolivet and Bernasconi — Population Structure in White Campion126
Blair AC, Wolfe LM. 2004. The evolution of an invasive plant: an exper-
imental study with Silene latifolia. Ecology 85: 3035–3042.
Brookfield JFY. 1996. A simple new method for estimating null allele
frequency from heterozygote deficiency. Molecular Ecology 5:
453–455.
Chan Y, Arcese P. 2003. Morphological and microsatellite differentiation
in Melospiza melodia (Aves) at a microgeographical scale. Journal of
Evolutionary Biology 16: 939–947.
Chessel D, Dufour AB, Thioulouse J. 2004. The ade4 package-I: one-
table methods. R News 4: 5–10.
Delmotte F, Bucheli E, Shykoff JA. 1999. Host and parasite population
structure in a natural plant- pathogen system. Heredity 82: 300–308.
Delph LF, Meagher TR. 1995. Sexual dimorphism masks life-history
trade-offs in the dioecious plant Silene latifolia. Ecology 76:
775–785.
Delph LF, Knapczyk FN, Taylor DR. 2002. Among-population variation
and correlations in sexually dimorphic traits of Silene latifolia.
Journal of Evolutionary Biology 15: 1011–1020.
Delph LF, Gehring JL, Arntz AM, Levri M, Frey FM. 2005. Genetic
correlations with floral display lead to sexual dimorphism in the
cost of reproduction. American Naturalist 166: S31–S41.
Doyle JJ, Doyle JL. 1987. A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochemical Bulletin 19: 11–15.
Evanno G, Castella E, Goudet J. 2006. Evolutionary aspects of population
structure for molecular and quantitative traits in the freshwater snail
Radix balthica. Journal of Evolutionary Biology 19: 1071–1082.
Glaettli M, Pescatore L, Goudet J. 2006. Proximity-dependent pollen
performance in Silene vulgaris. Annals of Botany 98: 431–437.
Goudet J. 1995. FSTAT (version 1.2): a computer program to calculate
F-statistics. Journal of Heredity 86: 485–486.
Goudet J, Bu¨chi L. 2006. The effects of dominance, regular inbreeding
and sampling design on Qst, an estimator of population differentiation
for quantitative traits. Genetics 172: 1337–1347.
Goudet J, Raymond M, deMeeus T, Rousset F. 1996. Testing differen-
tiation in diploid populations. Genetics 144: 1933–1940.
Hagen MJ, Hamrick JL. 1998. Genetic variation and population genetic
structure in Trifolium pratense. Journal of Heredity 89: 178–181.
Hardy OJ, Gonzalez-Martinez SC, Colas B, Freville H, Mignot A,
Olivieri I. 2004. Fine-scale genetic structure and gene dispersal in
Centaurea corymbosa (Asteraceae). II. Correlated paternity within
and among sibships. Genetics 168: 1601–1614.
Hedrick PW. 2005. A standardized genetic differentiation measure.
Evolution 59: 1633–1638.
Ihaka R, Gentleman R. 1996. R: a language for data analysis and
graphics. Journal of Computational and Graphical Statistics 5:
299–314.
Ironside JE, Filatov DA. 2005. Extreme population structure and high
interspecific divergence of the Silene Y chromosome. Genetics 171:
705–713.
Jolivet C, Bernasconi G. 2006. Experimental analysis of constitutive and
induced defence in a plant-seed predator system. Functional Ecology
20: 966–972.
Jolivet C, Bernasconi G. 2007. Within/between population crosses reveal
genetic basis for pollen competitive ability in Silene latifolia
(Caryophyllaceae). Journal of Evolutionary Biology (doi:10.1111/
j.1420–9101.2007.01344.x).
Juillet N, Freymond H, Degen L, Goudet J. 2003. Isolation and charac-
terization of highly polymorphic microsatellite loci in the bladder
campion, Silene vulgaris (Caryophyllaceae). Molecular Ecology
Notes 3: 358–359.
Kaltz O, Gandon S, Michalakis Y, Shykoff JA. 1999. Local maladapta-
tion in the anther-smut fungus Microbotryum violaceum to its host
plant Silene latifolia: evidence from a cross-inoculation experiment.
Evolution 53: 395–407.
Kawecki TJ, Ebert D. 2004. Conceptual issues in local adaptation.
Ecology Letters 7: 1225–1241.
McCauley DE. 1994. Contrasting the distribution of chloroplast DNA and
allozyme polymorphism among local populations of Silene alba–
implications for studies of gene flow in plants. Proceedings of the
National Academy of Sciences of the USA 91: 8127–8131.
McCauley DE. 1997. The relative contributions of seed and pollen move-
ment to the local genetic structure of Silene alba. Journal of Heredity
88: 257–263.
McNeill J. 1977. Biology of Canadian weeds, 25. Silene alba (Miller)
Krause, Ehl. Canadian Journal of Plant Science 57: 1103–1114.
Mastenbroek O, Vanbrederode J. 1986. The possible evolution of Silene
pratensis as deduced from present-day variation patterns. Biochemical
Systematics and Ecology 14: 165–181.
Mastenbroek O, Prentice HC, Heringa J, Hogeweg P. 1984.
Corresponding patterns of geographic variation among populations
of Silene latifolia (¼S. alba ¼ S. pratensis) (Caryophyllaceae).
Plant Systematics and Evolution 145: 227–242.
Meagher TR. 1992. The quantitative genetics of sexual dimorphism in
Silene latifolia (Caryophyllaceae). 1. Genetic variation. Evolution
46: 445–457.
Meagher TR. 1994. The quantitative genetics of sexual dimorphism in
Silene latifolia (Caryophyllaceae). 2. Response to sex-specific selec-
tion. Evolution 48: 939–951.
Merila J, Crnokrak P. 2001. Comparison of genetic differentiation at
marker loci and quantitative traits. Journal of Evolutionary Biology
14: 892–903.
Nei M. 1987. Molecular evolutionary genetics. New York: NY: Columbia
University Press.
O’Hara RB, Merila¨ J. 2005. Bias and precision in Qst estimates: pro-
blems and some solutions. Genetics 171: 1331–1339.
Prentice HC. 1986. Climate and clinal variation in seed morphology of the
white Campion, Silene latifolia (Caryophyllaceae). Biological
Journal of the Linnean Society 27: 179–189.
Prentice HC, Mastenbroek O, Berendsen W, Hogeweg P. 1984.
Geographic variation in the pollen of Silene latifolia (Silene alba,
Silene pratensis)–a quantitative morphological analysis of population
data. Canadian Journal of Botany 62: 1259–1267.
R Development Core Team 2004. R: a language and environment for stat-
istical computing, Vienna, Austria. ISBN 3-900051-07-0 (http://www.
R-project.org).
Richards CM, Church S, McCauley DE. 1999. The influence of popu-
lation size and isolation on gene flow by pollen in Silene alba.
Evolution 53: 63–73.
Richards CM, Emery SN, McCauley DE. 2003. Genetic and demo-
graphic dynamics of small populations of Silene latifolia. Heredity
90: 181–186.
Shindo CM, Aranzana J, Lister C, Baxter C, Nicholls C, Nordborg M,
et al. 2005. Role of FRIGIDA and FLOWERING LOCUS C in deter-
mining variation in flowering time of Arabidopsis. Plant Physiology
138: 1163–1173.
Shindo C, Bernasconi G, Hardtke CS. 2007. Natural genetic variation in
Arabidopsis: tools, traits and prospects. Annals of Botany
doi:10.1093/aob/mcl281
Shykoff JA, Bucheli E. 1995. Pollinator visitation patterns, floral
rewards and the probability of transmission of Microbotryum
violaceum, a venereal disease of plants. Journal of Ecology 83:
189–198.
Slatkin M. 1985. Gene flow in natural populations. Annual Review of
Ecology and Systematics 16: 393–430.
Sokal RR, Rohlf FJ. 1981. Biometry. London: Freeman and Co.
Spitze K. 1993. Population structure in Daphnia obtusa–quantitative
genetic and allozymic variation. Genetics 135: 367–374.
Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P. 2004.
MICRO-CHECKER: software for identifying and correcting genotyp-
ing errors in microsatellite data. Molecular Ecology Notes 4:
535–538.
Vellekoop P, Buntjer JB, Maas JW, van Brederode J. 1996. Can the
spread of agriculture in Europe be followed by tracing the spread of
the weed Silene latifolia? A RAPD study. Theoretical and Applied
Genetics 92: 1085–1090.
Weir BS, Cockerham CC. 1984. Estimating F-statistics for the analysis of
population structure. Evolution 38: 1358–1370.
Wolfe LM. 2002. Why alien invaders succeed: support for the
escape-from-enemy hypothesis. American Naturalist 160: 705–711.
Wolfe LM, Elzinga JA, Biere A. 2004. Increased susceptibility to
enemies following introduction in the invasive plant Silene latifolia.
Ecology Letters 7: 813–820.
Wright S. 1931. Evolution in Mendelian populations. Genetics 16:
0097–0159.
Young HJ. 2002. Diurnal and nocturnal pollination of Silene alba
(Caryophyllaceae). American Journal of Botany 89: 433–440.
Jolivet and Bernasconi — Population Structure in White Campion 127
